Summary
Aflastatin A (AsA) is an inhibitor of aflatoxin production by Aspergillus parasiticus and it also inhibits production of other polyketide metabolites by fungi such as melanin produced by Colletotrichum lagenarium. To elucidate the mode of action of AsA, the effect of AsA on the biosynthetic pathway of each aflatoxin and melanin was examined. AsA inhibited production of norsolorinic acid, an early biosynthetic intermediate of aflatoxin. The transcription of genes encoding some aflatoxin biosynthetic enzymes and a gene encoding a regulatory protein for expression of the biosynthetic enzymes (aflR) were significantly reduced by the addition of AsA. These results suggest that AsA inhibits a very early step in aflatoxin biosynthesis prior to the transcription of aflR. On the other hand, AsA inhibited the production of scytalone, an intermediate of melanin biosynthesis, and it severely impaired the expression of PKS1 encoding a melanin biosynthetic enzyme. This suggests that AsA inhibits an early step in melanin production similarly to the case in aflatoxin production. We also found that AsA elevated the glucose consumption and ethanol accumulation by A. parasiticus, which suggested that AsA can influence glucose metabolism in the fungus.
A. parasiticus when AsA was added to the culture, we examined the effect of AsA on the production of a variety of polyketide metabolites by fungi. We found that AsA can strongly inhibit melanin production by Colletotrichum lagenarium and weakly inhibit production of patulin, citrinin and 6methylsalicylic acid by Penicillium urticae, Penicillium citrinum and Penicillium griseofulvum, respectively 8)
. Molecular mechanism for inhibition of production of aflatoxin or these compounds by AsA has not been verified. In this review, some information about the mode of action of AsA, which we have recently obtained, 9, 10) is described.
Effects of aflastatin A on aflatoxin biosynthetic pathway in A. parasiticus
In an early step of the biosynthetic pathway of aflatoxin, norsolorinic acid (NA) is biosynthesized as an intermediate from one molecule of hexanoyl-CoA and seven molecules of malonyl-CoA in a polyketide manner. After NA formation, there are complex conversion steps to produce aflatoxin ( Fig. 2) 11) . Sterigmatocystin (Sc) is an intermediate in a late step of the pathway. AsA clearly inhibited aflatoxin production by A. parasiticus at a concentration of 0.5 g/ml, and it also completely inhibited production of NA by Aspergillus parasiticus ATCC24690 and Sc by Aspergillus nidulans IFO30872 at 0.25 and 0.5 g/ml, respectively. This indicated that AsA inhibited a step before NA formation. PKSA, VER-1 and OMTA catalyze the biosynthetic steps from hexanoyl-CoA to norsolinic acid, from versicolorin A to demethylsterigmatocystin and from sterigmatocystin to O-methylsterigmatocystin, respectively.
Many genes responsible for the aflatoxin production by A. parasiticus have been clarified 11) . They are clustered and include not only the aflatoxin biosynthetic genes but also a regulatory gene, aflR, whose product regulates transcription of some enzyme genes for aflatoxin production. We selected four genes associated with the aflatoxin production (pksA, ver-1, omtA and aflR, Fig. 2 ) and examined the effects of AsA on the transcription of the genes by RT-PCR and TaqMan PCR experiments. As a result, the mRNA levels of all the genes were clearly reduced by addition of AsA in a dose-depending manner ( Fig. 3 and 4) . It is known that the transcription of pksA, ver-1 and omtA is regulated by AFLR. Therefore, the repression of aflR transcription by AsA may be the most important for inhibition of aflatoxin biosynthesis. These results suggested that AsA inhibits a very early step prior to the expression of aflR 9) .
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Total RNA was isolated from fungal mycelia cultured for 1.5 to 3.5 days with or without AsA (0, 0.25, 0.5 or 1.0 g/ml). Transcriptions of aflR and pksA genes were measured by TaqMan RT-PCR method. The mRNA amount of aflR or pksA was normalized by that of -actin in each sample.
Effects of aflastatin A on melanin biosynthesis of C. lagenarium
The pentaketide-derived melanin of C. lagenarium is a polymer formed from 1,8-dihydroxynaphthalene (1,8-DHN). 1,8-DHN is biosynthesized from five molecules of malonyl-CoA via four biosynthetic intermediates, 1,3,6,8-tetrahydroxynaphthalene (1,3,6,8-THN) , scytalone, 1,3,8-trihydroxynaphthalene (1,3,8-THN) and vermelone (Fig. 5 ) 12) . In some fungal pathogens such as C. lagenarium or Magnaporthe grisea, melanization of appressoria is essential for penetration into the host plant. Therefore, melanin is an ideal target for the development of an effective drug to protect host plants from infection by pathogens. Inhibitors of enzymes involved in the melanin biosynthetic pathway are actually applied to control rice blast disease 13) . Addition of a low concentration of AsA (0.5 g/ml) to the culture medium almost completely inhibited the melanin production of C. lagenarium. AsA also inhibited the production of scytalone by C. lagenarium strain 9201Y, a blocked mutant defective in a dehydratase catalyzing the step from scytalone to 1,3,8-THN, at a concentration of 0.25 g/ml. However, melanin production was restored by addition of exogenous scytalone under conditions where scytalone production was completely inhibited by AsA. This suggests that the late steps after the synthesis of scytalone are not significantly affected by AsA and that AsA targets a step before synthesis of scytalone, which was confirmed by the following results from RT-PCR analysis on the expression of genes responsible for melanin biosynthesis. As shown in Fig. 6, expression THR1. The expression pattern of the four genes caused by the addition of AsA may suggest that the regulatory system of the expression of PKS1 is different from that of SCD1 and THR1. PKS1 encodes a polyketide synthase. We confirmed that catalytic activity of the enzyme was not inhibited by AsA in an in vitro reaction system. These results suggest that AsA inhibits an early regulatory step prior to the expression of PKS1 in melanin production or alters PKS1 expression directly 10) .
Effects of aflastatin A on glucose metabolism of A. parasiticus
Aflatoxin production is affected by environmental and nutritional factors similarly to the case of other secondary metabolite production by microorganisms. Among the factors, carbon sources, which can induce aflatoxin production, are known to be limited to simple carbohydrates such as glucose, sucrose, fructose and maltose 11) . Next, we examined the effects of AsA on glucose metabolism of A. parasiticus. As a result, we found that AsA elevated glucose consumption and ethanol accumulation in the fungus. A close relationship of glucose metabolism or ethanol utilization with aflatoxin production in aflatoxigenic fungi has been suggested from phenomena observed in aflatoxin-producing cultures such as degraded mitochondria, 14) ethanol accumulation 15) or increased expression of alcohol dehydrogenase gene 16) . Therefore, the changes in carbon metabolism caused by AsA may affect aflR expression, leading to inhibition of aflatoxin production, or AsA may influence a regulatory system that regulates both of carbon metabolism and aflatoxin production 9)
.
Concluding remarks
Secondary metabolite production by fungi is regulated by an unknown mechanism. Although several environmental and nutritional factors appear to play important roles in this regulation, they are not specific for secondary metabolite production. In this sense, aflatoxin and melanin are typical Total RNA was extracted from fungal mycelia incubated for 0, 8, 10, 12, 14, 16 or 20 h after induction of melanin production with or without AsA (1.0 g/ml). Induction of melanin production was done by transferring non-melanized mycelia cultured in a potato-sucrose liquid medium containing 0.2 % yeast extract to 1.2 M sucrose solution.
of fungal secondary metabolites. Our results suggest that AsA acts on an early regulatory system in each aflatoxin and melnin production. Therefore, it is very important to clarify AsA's mode of action, not only for developing new inhibitors of aflatoxin or melanin production but also to better characterize broader regulatory mechanisms of secondary metabolite production in fungi. 
